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Abstract

Thelongitudinalchagedistribution of electronbunches
in the Fermilab/NicaddAO photoinjectorwas determined
using the coherenttransitionradiationproducedby elec-
tronspassinghrougha thin metallicfoil. Theautocorrela-
tion of the transitionradiation signal was measuredvith
a Michelson-typeinterferometer The responsefunction
of the interferometemwvas determinedrom measurednd
simulatedpower spectraor low electronbunchchageand
maximum longitudinal compression. A Kramers-Kronig
techniguavasusedto determindongitudinalchagedistri-
bution. Measurementwsvere performedfor electronbunch
lengthsin therangefrom 0.3to 2 ps(rms).

INTRODUCTION

Drive linacsfor free electronlasers,functioningin the
vacuumultra-violetor X-ray range requiresub-picosecond
accelerate@lectronbunched1]. In mary casesuchshort
bunchesareobtainedoy compressinghebeamin magnetic
chicanesand, as a result, the longitudinal chage distri-
bution is significantly distortedfrom its original gaussian
shape. Therefore,in orderto determineparameterdike
peakcurrentor FWHM, it is importantto have a complete
measurementf the bunchlongitudinalchagedistribution
ratherthanjustanestimateof its length.

Coherentransitionradiation(CTR) emittedby electron
buncheswvhencrossinga metallicfoil canberelatedto the
longitudinalchagedistribution form factor f (w) [2, 3]:

I(w)=N(N-1)L | f(w) |? (1)
whereN is thetotalnumberof electronsn thebunchandI,
is theradiationemittedby a singleelectron.In thelimit of
perfectconductingmetallicfoil, 7. doesnotdepencdonfre-
qgueng. Theform factor f(w) is relatedto the normalized

longitudinalchagedistribution p(z):

flw) = /p(z)e:[;p(iwz/c)dz 2
Sinceonly the power spectrum/ (w) canbe experimen-
tally measuredthe phaseof the form factoris unknown.
However, the frequeng-dependenphaseof the form fac-
tor canbewell approximatedf I(w) is known for theentire
wavelengthspectrumKramers-Kroningmethod [4]):
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wherek(w) = y/I(w). With this approximationthe nor-
malizedlongitudinalchagedistributionis givenby:
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plz) = K(w) cos [b(w) ~wz/ddw  (4)

Longitudinal profile measurementsvere performed
at FNPL (Fermilab/NICADD PhotoinjectorLaboratory).
Typically, the electronenegy is about16 MeV and the
bunchrmslengthrangedrom 3to 10 pswhenbunchchage
is a few nanocoulombsElectronbunchesarecompressed
in the sub-picosecondangewith a four-dipole magnetic
chicanelocateddownstreamfrom the acceleratingstruc-
tures.

MICHELSON INTERFEROMETER

CTR is producedby electronbunchescrossingan alu-
minium foil orientedat 45° with respectto the beamline.
Betweenthe aluminium foil and the Michelsoninterfer
ometer shovn schematicallyin Fig. 1, therearea single-
crystal quartzwindow andtwo concae gold-coatedmir-
rorswhich corvertthedivergentbeamto aparallelone.

The beamsplitteris coatedwith a thin inconellayer of
thicknesschosernsuchthat transmissiorandreflectionare
30% andindependenof the wavelengthup to the plasma
frequeng. One arm of the interferometerhas a mirror
mountedon a translationstagewhich motion can be re-
motelycontrolled.Theright armof theinterferometecon-
tains a semi-transparentirror which has constant30%
transmissiorand30% reflectioncoeficientswithin therel-
evantwavelengthrange. Transmittedradiationis focused
on the referencedetectorby a concae mirror. The com-
binedradiationfrom the movable mirror andfrom the re-
flection on the semi-transparentirror is focusedon the
detectorin theleft armof theinterferometer

The autocorrelationsignal is the superpositionof the
time-dependentlectricfields from the two armsof thein-
terferometerandit is recordedby the first detectorasa
functionof the pathdifferences:
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| E(t+6/c) + E(t) | dt (5)
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Figurel1: Michelsoninterferometer Detectorl is usedto
recordthe autocorrelatiorfunction. Detector2 is a refer
encedetectorusedto normalizethe autocorrelatiorfunc-
tion.

The intensityrecordedby the seconddetectordoesnot
dependon pathdifferencebut it is sensitve to beaminsta-
bilities aswell asthe first detector Thereforeit is corve-
nientto definetheautocorrelatiorfiunction.S () astheratio
of theintensitiesmeasuredy thetwo detectors:
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In our latestmeasurementhe intesity /; wasmeasured

with a Golay cell andthereferencentensity I with aless
expensve Molectronpyroelectricdetector
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RESULTS

During a data-takingsessiorthe positionof themovable
mirror is changedvith a predefinedtep(typically 50 um).
At eachposition of the movable mirror, the intensitiesI;
and I, ( Eq. 6) aremeasured.Typically, 5 suchmeasure-
mentsare performedand averagevaluesof /; and I», as
well astheir o’s arerecorded. The intensity of the UV
laservariesfrom shotto shotandsodoestheelectronbunch
chage. Thesevariationsareupto 50%of thenominallaser
intensity Sincethe intensity of the coherentradiationde-
pendson the electronbunchchage (Eqg. 1), the intensities
I, and I, aremeasurednly if the bunchchageis within
somenarron limits , typically lessthan 10% away from
the nominalchage. The autocorrelatiorand power spec-
trum (Fourier transformof the autocorrelationjre shovn
in Fig. 2 for 1 nC electronbunchesat maximumcompres-
sion.

Themeasuregowerspectraiffer from whattheoretical
considerationpredict(seeEqn.1). Thereasors thatmea-
suredpower spectrancorporateafilter functionspecificto
the measuringlevices. At lower frequencieg< 0.1 THz)
measureghower spectraaredepleteddueto detectorslow
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Figure2: Autocorrelatiorfunctionandpower spectrunfor
1 nCelectronbunchesat maximumcompression.

sensitvity in this spectrakange,andto diffractionon opti-
cal components At higherfrequencie{> 0.5 THz), part
of the CTR is absorbedy the quartzwindow and other
opticalcomponentsA directmeasurementf theinterfer
ometers responsédunctionwould beideal but it is experi-
mentallyvery challengingandexpensve (Ref. [5]).
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Figure3: Interferometeresponsdunction obtainedasra-
tio of experimentalpower spectrumand simulatedpower
spectrunfor 1 nC electronbunchesat maximumcompres-
sion.

A muchsimpleralternatve is to choosesomewell de-
fined and easyto reproduceexperimentalconditions,and
to assumethat in theseparticular circumstances track-
ing code(in our caseParmela)correctlysimulateghelon-
gitudinal electronbunchshape.In "standard”experimen-
tal conditions,electronbunchesof 1 nC are generatedy



laserpulsesof gaussiarshape(c ~ 3.5 ps), accelerated
to ~ 14 MeV, andmaximally compressethy the magnetic
chicane.Theresponséunctionis obtainedby dividing the
experimentapower spectrumnto thesimulatedone(Fig. 3).
Theinterferometesresponséunctionis usedto correct
power spectrawhen electronbunchesare producedunder
somearbitrary experimentalconditions. Correctedpower
spectrastill do not cover the whole spectralrange. The
reasons thatinterferometesresponsdunctionis closeto
zero at low and high frequencies. Therefore,in orderto
apply the Kramers-Kroningmethod(Eg. 4), the corrected
power spectrummust be completedfor the missing fre-
guencies.Power spectraare completed for low andhigh
frequencieshy using the asymptoticexpressionsderived
in Ref. [4]. The power spectrumcompletionprocedurds
plaguedby uncertaintiespecauset is not obvious what
"low and high frequencies’really means,and interpola-
tion proceduresare somavhat arbitrary Fig. 4 shows the
autocorrelatiorandcompletedpower spectrumfor 3.2nC
electronbunchesata moderatecompression.
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Figure4: Autocorrelation(top) andcompletecbower spec-
trum (bottom) for 3.2 nC electronbunchesat moderate
compression.

Largerelectronbunchchageswereobtainedby increas-
ing the laserintensity and keepingconstantits duration.
Thelengthof electronbunchesds higherin the caseshavn
in Fig. 4 comparedvith the caseshowvn in Fig. 2, because
the bunch chage is larger and also becausethe level of
compressions lower. Largerbunchlengthtranslatesnto
wider autocorrelatiorfunction and narrover power spec-
trum.

The longitudinal electronbunch shapeis reconstructed
by using the Kramers-Kroningmethod(Eg. 3). An ex-
ampleof suchreconstructioris shavn in Fig. 5 wherethe
Kramers-Kroningtechniquewasappliedto the completed
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Figure5: Longitudinalchagedistribution for 3.2nC elec-
tron bunchesat moderatecompressiomeconstructedrom
experimentaldata(red line) andfrom Parmelasimulation
(blueline). Thehigh chagedistribution peakis atthehead
of theelectronbunch.

power spectrumshowvn in Fig. 4. The agreemenbetween
measuremenand Parmelasimulationis within 30% for

bunchlengthandpeakheight. High chaige densityat the
headof theelectronbunchis adirecteffectof thecompres-
sion. Thewidth of the peak,aswell asthe shapeandthe
length of the chage distribution tail canbe relatedto en-
ergy spreadnonlinearityof therf field, andto bunchcom-
pressomparametersiss andTse6 (Ref.[6]).

CONCLUSIONS

Sofarwe measuredongitudinalchage densityprofiles
for electronbunchesthat have a simple gaussianshape
before compression.Agreementwith simulationis quite
good. Therearetwo major sourcesof systematicuncer
taintiesin this analysis: (a) the inaccurag of the inter
ferometers responsdunction, and (b) the ambiguitiesof
the power spectrumcompletionprocedure We planto use
electronbuncheswith somelongitudinal spatialstructure
to estimatehow much systematicuncertaintiesaffect the
results. For example,a goodway to prove the reliability
of this methodis to reconstrucbunchesconsistingof two
pulsesseparatethy a known distancg(Ref. [7]).
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